Objective: Direct neuronal loss or deafferentation of the putamen, a critical hub in corticostriatal circuits, may result in diverse and distinct cognitive and motoric dysfunction in neurodegenerative disease. Differential putaminal morphology, as a quantitative measure of corticostriatal integrity, may thus be evident in Huntington's disease (HD), Alzheimer's disease (AD) and frontotemporal dementia (FTD), diseases with differential clinical dysfunction.
Introduction
There is burgeoning interest in neostriatal morphometry in neurodegenerative disease (de Jong et al., 2011; Looi et al., 2008b Looi et al., , 2009a Looi et al., , 2010 Madsen et al., 2010; Walterfang et al., 2011) . The neostriatum comprises the caudate nucleus and putamen. Phylogenetically conserved, the neostriatum is a nexus in multiple parallel distributed neural circuits comprising fronto-striato-pallidothalamo-cortical re-entrant loops, constituting a primary input region for information flow from the cortex (Alexander et al., 1986; Bolam et al., 2000; Cummings, 1993) .
Differential putaminal morphology in Huntington's disease, frontotemporal dementia and Alzheimer's disease
The neostriatum comprises 90-95% medium spiny projection neurons receiving afferents from cortical and mesencephalic regions, which function to transmit cortical inputs via direct and indirect pathways to output nuclei (Bolam et al., 2000) . The likely effect of deafferentation from cortical neurons is reduction in size and/or number of interneurons, with consequent downstream effects on the efferent pathways and targets of the striatum via transsynaptic neurodegeneration, which has been proposed as a mechanism of neurodegeneration in Alzheimer's disease (AD) (Buren, 1963; Palop and Mucke, 2009 ). Transsynaptic neurodegeneration is based on the premise that altered regulation of synaptic connections and activities, which may arise from deafferentation, results in the neuronal activity-dependent spread of neurodegenerative disease in vulnerable brain networks (Palop and Mucke, 2009) , which may result in neuronal loss in the striatum. Altered dendritic morphology may also impact on striatal volume, and neuropathological studies have found deafferentation results in dendritic degeneration (Zaja-Milatovic et al., 2005 . The cortical projections to the neostriatum are highly specific and topographically organized (Draganski et al., 2008; Haber, 2003; Koziol and Budding, 2009; Leh et al., 2007) . The putamen receives somatotopic projections from premotor, motor, somatosensory, supplementary motor cortex and frontal eye fields (Draganski et al., 2008; Haber, 2003; Middleton and Strick, 2000; Utter and Basso, 2008) . Neurodegeneration of the putamen will therefore impact on motoric function.
We propose a typology of neostriatal morphologic change in neurodegenerative disease that corresponds to the clinical features of motoric dysfunction . The first category of disorders, with molecular neuropathology directly impacting upon the neostriatum, will demonstrate marked alterations in morphology and marked motoric dysfunction: Huntington's disease (HD), choreacanthocytosis (ChAc) and progressive supranuclear palsy (PSP) (Douaud et al., 2006; Looi et al., 2011a; Walterfang et al., 2011) . The intermediate category of disorders are those in which specific corticostriatal circuit dysfunction has been implicated, with intermediate motoric dysfunction, such as frontotemporal lobar degeneration (FTLD) (Looi et al., 2010 (Looi et al., , 2011c and cerebrovascular disease (Looi et al., 2009b) . In a third category of disorders, efferents to the neostriatum may be disconnected secondary to cortical atrophy as part of a generalized neurodegenerative disease with minimal motoric dysfunction, yet with evidence of neurodegeneration in the striatum, as in AD (Villemagne et al., 2009 ) and mild cognitive impairment (MCI) (de Jong et al., 2011; Madsen et al., 2010) .
We sought to identify a gradient of neostriatal atrophy through automated morphometric mapping of putamen in persons with: HD, behavioural variant frontotemporal dementia (FTD), AD, and controls. We hypothesized there would be differential morphologic deformation, in accord with the putative involvement of the putamen in the neurodegenerative process, such that the degree of volume and shape change in HD > FTD > AD > controls.
Methods

Subjects
All subjects and controls were recruited via the Neuropsychiatry Unit, Royal Melbourne Hospital, Melbourne, Australia. The Neuropsychiatry Unit is a tertiary referral diagnostic service to which patients suspected of a younger onset dementia are referred for diagnostic assessment. All patients receive a comprehensive clinical inpatient assessment, including a neuropsychiatric interview, neurological assessment, comprehensive file review, neuropsychological assessment, occupational therapy review and a psychosocial assessment. Patients underwent investigations depending on clinical need. Such investigations include biochemical, haematological, endocrine and autoimmune testing, with a proportion of patients undergoing a lumbar puncture. Patients diagnosed with a disease underwent clinical assessment with the Neuropsychiatry Unit Cognitive Assessment Tool (NUCOG), a brief cognitive screening tool for neuropsychiatric patients (Walterfang et al., 2006) . All patients have an MRI and single-photon emission computed tomogram (SPECT) scan and the majority will have an EEG. All patients diagnosed with HD have genetic verification of the diagnosis. The diagnostic criteria established by the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) (McKhann et al., 1984 (McKhann et al., , 2001 were used to diagnose AD and FTD, respectively. The MRI scans of control subjects were accessed through a database of control subjects within the Melbourne Neuropsychiatry Centre, age-matched and from the same community as the patients. The project was approved by the local Research and Ethics Committee of the Royal Melbourne Hospital.
The cohort comprised 80 persons: 33 with FTD, 13 with AD, 17 with HD, and 17 healthy controls. All patients and controls were scanned on the same GE Signa 1.5T scanner (General Electric, Milwaukee, WI, USA). A three-dimensional volumetric spoiled gradient recalled echo (SPGR) sequence generated 124 contiguous, 1.5 mm coronal slices. Imaging parameters were: time-to-echo, 3.3 ms; time-torepetition, 14.3 m; flip angle, 30°; matrix size, 256 × 256; field of view, 24 × 24 cm matrix; voxel dimensions, 0.938 × 0.938 × 1.5 mm. Head movement was minimized by foam padding and Velcro straps across the forehead and chin. The scanner was calibrated fortnightly using a proprietary phantom to ensure that measurements were accurate and stable. Images were converted to isotropic voxel sizes for the manual segmentation.
Image analysis
Automated segmentation. We automatically extracted models of the putamen from each registered MRI scan, using an automated segmentation method based on adaptive boosting, which we developed and validated (Morra et al., 2008 (Morra et al., , 2009a (Morra et al., , 2009b . Adaboost (Freund and Schapire, 1997 ) is a machine learning approach that learns to segment a structure automatically in new images based on a small training set of expertly delineated tracings. As in previous hippocampal studies (Morra et al., 2009a (Morra et al., , 2009b , we created a small representative training set of 10 randomly selected MRI scans that were expertly manually segmented for the putamen according to a validated protocol (Looi et al., 2008a (Looi et al., , 2009a using ANALYZE 10.0b running on a MacBook Pro (Apple Inc., Cupertino, CA, USA). Intraand inter-rater reliability for the expert has been established at > 0.90 in previous studies. These manual traces were then used to produce automated segmentations of the set of MRI scans from 17 HD, 33 FTD, 13 AD and 17 healthy control subjects. Using image intensities and gradients in the training set scans, and statistical information on the likely position and geometry of the putamen, the algorithm learns a classification rule to designate each voxel as putamen or non-putamen. The automated segmentation incorporates ~13,000 features including intensity, combinations of x, y and z coordinates, and gray matter, white matter, and cerebrospinal fluid tissue classifications. Manually segmented images used in the training set (n = 10) were included in subsequent analysis, in order to maximize power. We checked all segmentations manually to ensure correct classification and boundary delineation, excluding those that were of poor quality. We excluded segmentations that: truncated the structure; were poorly delineated, such as intruding into the ventricles; and which were fragmented. Left and right structures underwent quality assessment and analysis separately. Hence, the numbers analysed for right and left side are not exactly the same set of subjects.
Volumetric analysis
For each subject, we determined left and right putamen volumes from the automatically generated segmentations. From these, we calculated the mean volume and tested for group differences in putamen volume.
Statistical maps
Parametric surface models were created from all segmentations, which were then used to create statistical maps measuring local volumetric differences across the surface (Bansal et al., 2007; Csernansky et al., 1998; Styner et al., 2000; Thompson et al., 2004b , Wang et al., 2007 . As shown in Figure 1 , surface models were created from each subject's automatically generated binary segmentation (Thompson et al., 2004a) . A central curve was calculated along the longitudinal axis of each model. The radial distance from each surface point to this medial line was used as a highly localized measure of atrophy. We have used the same radial distance mapping approach to map hippocampal, caudate and ventricular shape differences in over 30 papers (Apostolova et al., 2010; Madsen et al., 2010; Morra et al., 2009a; Thompson et al., 2004a) .
Based on a computed point-wise correspondence of the structure surfaces across subjects, geometric surface averaging was performed across all subjects in each diagnostic group. At each surface point, age-and sexadjusted (as covariates) multiple regressions were run to compare diagnostic groups as measured by differences in radial distance.
Colour-coded P-values were mapped onto the average left and right putamen models. To correct for multiple comparisons across surface points, permutation tests provided an overall significance value for each statistical map. The supra-threshold area (points with p < 0.05) in the map was compared to a null distribution for this same area, estimated from 10,000 random permutations of the covariates (Thompson et al., 2003) . After image pre-processing, our Adaboost algorithm automatically segments the caudate nucleus and putamen bilaterally. A central curve (top right) was calculated through the longitudinal axis of each structure and the radial distance to each point in a 3D surface mesh was used as a highly localized measure of atrophy (middle right). p-values are calculated at each surface point (bottom right) showing the significance of differences in radial distances between diagnostic groups or their associations with clinical scores. These maps visualized the profile of local shape differences or their clinical correlates at a point-wise level.
Intracranial volume measurement
The intracranial volume (ICV) was determined in a semiautomated fashion using FSL software (FMRIB Group, Oxford, UK) as a measure to control for brain size. First, brains were skull-stripped with the Brain Extraction Tool (BET) and were then linearly aligned to the MNI152 1mm T1-weighted template. The inverse of the determinant of the affine transformation matrix was multiplied by the ICV of the MNI152 template to produce a measure of ICV for use as a covariate (ENIGMA, 2011).
Statistical analysis
Statistical analysis was performed using SPSS 19.0 (IBM, New York, USA). Demographics were assessed using the Kruskal-Wallis test, and gender distribution assessed via a chi-squared analysis for the entire cohort, and each segmentation subgroup (putamen, right and left). Analysis of variance (ANOVA) was used to compare disease groups (HD, FTD, AD) on illness duration and on the total and component subscales of the NUCOG (Walterfang et al., 2006) . Analysis of covariance (ANCOVA) was used to assess the significance of any differences in putamen volume. The volumetric analysis was performed using the volumes derived from the manual and automated segmentation, using the same groups as included in the shape analysis. We checked the assumptions of normality, linearity, homogeneity of variances/regression slopes and reliable measurements of covariates, prior to ANCOVA. Patient age and ICV were controlled for as covariates within these analyses. The significance level was set at p < 0.05.
Results
Automated segmentations
Automated segmentation yielded lesser numbers of putamen volumes than for the whole cohort (Table 2) due to exclusion of some segmentations for truncation, displacement or fragmentation. Therefore, the numbers of segmentations for each analysis, by side, are displayed in Table 1 .
Demographics
Group differences were assessed with non-parametric tests. According to the Kruskal-Wallis test: age, but not ICV, was significantly different (p < 0.05) across the entire cohort (Table 2) , and in each subgroup of segmentation (Table 1) . A chi-squared test for equal proportions of each sex in each diagnostic group revealed no significant differences (p < 0.05) for all except the control group across the entire cohort (Table 2) . However, the putamen subgroups (right and left) showed no significant differences for sex proportions (Table 1) . As the shape statistical analyses were already scaled to adjust for overall brain size we controlled for effects of age and sex. As the volumes of the striatum in disease groups were smaller than the controls, we have described most shape differences as shape deflation relative to controls. The subgroups for putamen segmentation represent subsets of the overall group, as in Table 1 .
Clinical characteristics of disease groups
The characteristics were assessed via illness duration (since time of first symptoms) and the cognitive screening tool NUCOG (Walterfang et al., 2006) . The NUCOG comprises subscales for cognitive domains and an overall total score (higher scores reflecting higher function), and was used as a measure of dementia severity for this study. Other than as below, there were no significant differences in NUCOG scores among the disease groups.
NUCOG total score. There was a statistically significant difference between groups as determined by one-way ANOVA (F (2,43) = 4.7, p = 0.014). Bonferroni post hoc testing revealed AD patients scored lower than the FTD patients (p = 0.016).
NUCOG memory (C). There was a statistically significant difference between groups as determined by one-way ANOVA (F(3,53) = 4.5, p = 0.017). Bonferroni post hoc testing revealed AD patients scored lower than the FTD patients (p = 0.016).
NUCOG language (E).
There was a statistically significant difference between groups as determined by one-way ANOVA (F(2,43) = 3.3, p = 0.047). Bonferroni post hoc testing revealed AD patients scored lower than the FTD patients (p = 0.043).
Illness duration.
There was no difference in illness duration (since first symptoms) between the dementia groups.
There was no difference in age, gender or duration of illness between the patients who underwent NUCOG testing and those who did not (comparisons made across all patients and within each diagnostic patient group). The table also indicates the numbers for which we had clinical data, and we acknowledge that some data are missing as a result of the limitation of collection of data, as some patients with such disease conditions may not complete testing.
Volumetry
The numbers of segmentations for each analysis are displayed. For the segmented subset of the cohort (Table 1) , a two-way ANOVA assessing the effect of sex revealed there were no significant sex differences in volumes, after controlling for ICV. We therefore controlled for age and ICV in the ANCOVA models.
Putamen by hemisphere. The left putamen was significantly smaller in the HD group, compared to FTD (p < 0.001), AD (p < 0.001) and controls (p < 0.001). The FTD group was significantly smaller in left putamen (p = 0.026) than controls and significantly larger (p < 0.001) than in the HD group. The right putamen in HD was significantly smaller than FTD, AD and controls, all (p ≤ 0.011). The right putamen in FTD was significantly smaller than in controls (p = 0.001) and showed a trend toward being smaller than in AD (p = 0.063). The boxplots show the relative differences in volume for putamen, such that HD < FTD < AD ≤ controls. These group differences are also reflected in the estimated marginal means for the lateralized volumes of putamen.
Statistical shape maps
Overall p-value significance per average structure (putamen) surface (superior or dorsal, inferior or ventral) is summarized in Table 5 . We used permutation tests to correct for multiple comparisons across all the surface points for each statistical map (top and bottom surface of the putamen model). We measured the distribution of features in statistical maps that would be observed by accident if the subjects were randomly assigned to covariates 10,000 times. A ratio is computed describing what fraction of the time an effect of similar or greater magnitude to the real effect occurs in the random assignments. The fraction obtained is the chance of the observed pattern occurring by accident. Thus the p-value represents the overall significance p-value of the permutation tests corrected for multiple comparisons where a value < 0.05 represents a significant result. Detailed descriptions of the significant surface maps follow below.
Disease group -control comparisons
For clarity in describing the putamen in these results, we will refer to the anterior and posterior of these structures rather than using the conventional terms rostral and caudal, while retaining superior/inferior and lateral/medial descriptors.
HD versus controls. The putamina display more marked bilateral atrophy comprising most of the head and body and shape deflation is > 10%. The neostriatum is significantly atrophic in HD compared to controls. There is a general pattern of greater medial than lateral (medial-lateral), and greater anterior than posterior (anterior-posterior) atrophy.
FTD versus controls.
Putamina in FTD display bilateral atrophy of the head and body. This shape deflation is > 10% and the right is more affected than the left. There is a general pattern of medial-lateral and anterior-posterior atrophy. 12 3949 ± 524 HD < CTL (p < 0.001) HD < FTD (p < 0.001) HD < AD (p < 0.001) FTD < CTL (p = 0.026) FTD = AD (p = 0.117) AD = CTL (p = 0.692)
Right putamen
26 2803 ± 768 12 2874 ± 753 15 2163 ± 493 12 3727 ± 720 HD < CTL (p < 0.001) HD < FTD (p = 0.011) HD < AD (p < 0.001) FTD < CTL (p = 0.001) FTD = AD (p = 0.063) AD = CTL (p = 0.133) SD: standard deviation; HD: Huntington's disease; CTL: controls; FTD: behavioural variant frontotemporal dementia; AD: Alzheimer's disease. HD: Huntington's disease; FTD: frontotemporal dementia; AD: Alzheimer's disease; CTL: healthy controls. Outlier data points are referred to by case number, outliers defined if they extend more than 1.5 lengths from edge of box, extreme points indicated by an asterisk extend more than three box lengths from the edge of the box.
Between disease group comparisons
HD versus FTD. The HD group displays mainly right putaminal atrophy in the superior aspect of the putamen, > 10% smaller than the FTD group along much of the body and tail.
FTD versus AD.
For FTD compared to AD, there is bilateral atrophy of the putaminal body and tail in the inferior aspect of the putamen, showing > 10% shape deflation of FTD. The statistical maps are displayed in two formats. Group difference p-maps show the surface of the object such that the colour scale represents the p-value at each point on the surface. The percentage maps display the degree of shape difference between groups as a percentage of the larger group's mean radial size. The colour scale shows the percentage difference, with negative values representing atrophy. In the maps displayed, the superior surface refers to the dorsal anatomical aspect, whilst the inferior surface refers to the ventral aspect. The medial aspect of right and left hemisphere models face each other, and the lateral aspect faces the outside of the image. For example, in Figure 3 
Discussion
We have demonstrated there is differential atrophy in the putamen, such that HD displays the greatest, FTD intermediate, and AD no atrophy, in comparison to controls. This atrophy occurs in a gradient consistent with the degree of motoric dysfunction in these diseases. These changes may arise from one of three mechanisms: deafferentation from cortical or subcortical inputs, direct neostriatal cell loss, and disconnection of outputs to distal regions.
Volumetry
Putaminal volumes were significantly different across the entire group, in the order of smallest to largest volume: HD < FTD < AD ≤ controls (Figure 2) . The estimated marginal means show that bilateral putamen in HD was 65% of control volume, FTD was 82% of control volume, and AD was 87% of control volume (Table 4 ). Post hoc between-group analyses revealed significant differences: HD < controls; HD < FTD; HD < AD; and FTD < controls. Thus, volumetry was partially supportive of our hypotheses. 
Shape analyses
HD. In HD, early and significant caudate and putaminal atrophy is evident in vivo, arising from specific neuropathology in these structures (Aylward et al., 2004; Douaud et al., 2006; Paulsen et al., 2010; Tabrizi et al., 2011) . Marked striatal neuronal death has been observed, resulting in the loss of nearly all the medium spiny projection neurons (Bolam et al., 2000) with relative sparing of larger interneurons (Halliday et al., 1998; Ross and Tabrizi, 2011; Vonsattel, 2008) . The extensive inward shape deformation of the head and body of the putamen, signifying atrophy, may result in, or reflect, deafferentation or disconnection of prefrontal, premotor, motor, somatosensory, posterior parietal cortex, and frontal eye fields. These changes are consistent with generalized dorsal to ventral patterns of atrophy in the caudate previously demonstrated in HD by Douaud et al. (2006) . The lateral-medial gradient of atrophy we observed previously in FTLD (Looi et al., 2010 (Looi et al., , 2011c , related to proximity to the subventricular neurogenic zone (Curtis et al., 2007; Mazurova et al., 2006) , is reversed here. This may arise from deafferentation due to specific regional cortical atrophy and white matter disease in pre-manifest HD . Others (van den Bogaard et al., 2011) have also demonstrated shape deformation of the striatum in HD using a fully automated shape analysis method, and in their results we noted a lateral-medial pattern of atrophy, as well as an anterior-posterior pattern of atrophy in manifest HD, with mild changes in pre-manifest HD.
Compared to FTD, the HD group ( Figure 5 ) showed marginally more putaminal shape deflation, primarily in the right putamen.
FTD. Deafferentation processes may predominate in the impact of FTD on the neostriatum, but there is also evidence of neuropathology in the striatum. In FTLD-related tauopathies and associated FTLD subtypes tau accumulation is prominent in striatal regions (Macedo et al., 2009; Neumann et al., 2009) .
We have confirmed previous findings of putaminal atrophy in patients in FTD (Looi et al., 2010 (Looi et al., , 2011c . Other studies have also noted striatal atrophy in vivo in FTD (Chow et al., 2008; Garibotto et al., 2011; Rabinovici et al., 2007; Seeley et al., 2009) . Whitwell et al. (2009a Whitwell et al. ( , 2009b studied 'subtypes' of FTD using VBM, and classified subjects into four groups based on gross relative lobar atrophy: the 'frontotemporal' subgroup of FTD displayed putaminal atrophy.
Atrophy of the head and body of the putamen in FTD (Figure 4 ) may reflect deafferentation of prefrontal cortex, premotor, motor cortex and frontal eye fields. These findings concur with our previous study of FTLD subtypes (Looi et al., 2011c) .
Patients with FTD showed greater anterior-to-posterior atrophy of the putamen, similar to HD, possibly related to specific deafferentation. This contrasts with the posterioranterior gradient of atrophy we had noted in our previous study (Looi et al., 2010) ascribed to relative distance from the neurogenic centre in the nucleus accumbens shell (Heimer and Van Hoesen, 2006) , that may partly be due to a different methodology, MRI scanner and population in this study.
Compared to AD, the FTD group shows bilateral atrophy of the putaminal body and tail with > 10% reduction in radial size ( Figure 6 ). Thus striatal involvement may be more widespread in FTD than AD, and accords with our previous morphometric analysis for FTLD (Looi et al., 2010 (Looi et al., , 2011c . This pattern may be due to lateralized cortical deafferentation inherent in the clinical syndrome of FTD. Australian & New Zealand Journal of Psychiatry, 46(12) AD. In AD, temporal lobe and generalized cortical atrophy may result in deafferentation of the neostriatum. Cortical atrophy in AD comprises two spatiotemporal gradients, left hemisphere before right, and temporal-frontal-sensorimotor progression (Thompson et al., 2003) . Amyloid deposition is prominent in the striatum (Braak and Braak, 1990) in sporadic (Nelissen et al., 2009 ) and autosomal-dominant AD (Villemagne et al., 2009) . Although neostriatal atrophy from indirect deafferentation in AD was posited, we found no significant atrophy in the putamen compared to controls in shape or volume analysis, despite the AD group having greater dementia severity as measured by NUCOG. This contrasts with other studies (de Jong et al., 2008) which found putaminal atrophy in AD compared to controls. It may be that the small sample size in our study limited our ability to detect the relatively limited change in putaminal volume in AD.
Limitations
This study was based upon clinically diagnosed subjects and controls, apart from the HD group which had genetic confirmation of diagnosis, without neuropathological confirmation of diagnosis. As a clinical sample, there are considerable variations in demographic data such as age, sex and ICV, for which we have made adjustments in the analyses. Adjustment for NUCOG scores was not necessary, as the poorer performance of the AD group compared to FTD on the NUCOG indicates the AD group may have greater dementia severity, and because more advanced AD is likely to show greater striatal atrophy, this is likely to minimize differences in morphology between the groups. Patients with behavioural, psychiatric or cognitive issues may not complete all of cognitive testing or assessments such as the NUCOG and we acknowledge there is missing data. While clinicopathological neuroimaging correlations would be ideal, such studies are logistically difficult to conduct in sufficient numbers of well-characterized clinical samples. We used a combination of manual and machine learning automated segmentation (based on the expert manual segmentation). The manual segmentation was performed by an experienced researcher with reliability above 0.90 (Looi et al., 2009a (Looi et al., , 2011a . There are small numbers in some subset groups for which automated segmentation was not successful, due to the difficulties in automated segmentation of some of the MRI data; however, the radial distance mapping statistical methods are robust in studies this size. We have not specifically adjusted for multiple comparisons across all diagnostic pairings, on the basis that our study was intended to explore the hypotheses and a heavy adjustment may be overly conservative. We did not analyse the caudate using these methods due to difficulties experienced with its more complex shape, which significantly affected the efficiency of automated segmentation, thus we are using other methods to segment the caudate in a separate study. Such cross-sectional studies do not yet resolve the issue of causality in relation to the role of the neostriatum as a biomarker, which will require longitudinal studies. Focusing on the typology of corticostriatal neuroanatomical between-group comparisons, we have not attempted correlations with clinical data such as cognitive testing, disease duration and neuropsychiatric measures, as we hope to do in future studies.
Clinical implications
These results support a putaminal structural basis for corticostriatal circuit disruption, through deafferentation and/or direct neuronal loss, in a gradient: greatest in HD, intermediate in FTD, and no difference in AD, compared to controls. The shape deflation of the putamina indicate that corticostriatal circuits involving the premotor, motor, somatosensory, supplementary motor and frontal eye fields may be affected, resulting in motor and sensory dysfunction. These clinical features manifest in a gradient similar to the pattern of neostriatal structural change, and may be based on corticostriatal circuit dysfunction, such that: HD is clinically characterized by cognitive, psychiatric and marked motoric dysfunction; FTD, cognitive and psychiatric disorders, with some motoric dysfunction; AD, cognitive, to a lesser extent, psychiatric disorders, and minimal motoric dysfunction. However, there is not a direct 1:1 correspondence between cortical atrophy and striatal atrophy, due to the marked convergence of cortical inputs to the striatum, and accordingly, these gradients may be less distinct, particularly in view of our small sample size.
Conclusions
Morphologic change in HD > FTD > AD ≥ controls partially supports our proposed typology of neurodegenerative brain disease affecting the neostriatum. At the putaminal level, FTD more resembles HD than AD, suggesting commonality in the putative disconnection of frontostriatal circuitry and resultant clinical features. We found no evidence of putaminal atrophy in AD, despite putative deafferentation of parietal and temporal cortical regions, and previous evidence of neostriatal shape change (De Jong et al., 2011; Looi et al., 2011b) . As our data are limited to behavioural variant FTD and early AD, these results are specific to those syndromes, and require replication in broader FTLD and AD groups for further understanding of subtype differences. Radial distance statistical shape mapping of the regionally specific surface anatomy of the putamen is possible across HD, FTD and AD, with results generally corresponding to those of spherical harmonic shape analysis (Looi et al., 2010 (Looi et al., , 2011c . For the putamen, such mapping yields information about deafferentation-based aetiopathology because of its role in corticostriatal circuits . In future studies we plan to correlate measurements of corticostriatally-mediated cognitive (such as executive) and motor function with putaminal shape measures to further test these observations. As a palimpsest map to chart the depredations of disease, the shape and form of the putamen may be a navigable biomarker of neurodegenerative brain disease.
Funding and Acknowledgements
We thank all the patients and the volunteers who participated in this study. We thank Ricardo Gallardo and Sinisa Nesic for assistance with the transfer of the de-identified data from ANU Medical School to LONI, UCLA. The University of Melbourne provided the image analysis software ANALYZE 10.0b and MacBook Pro computing infrastructure. JCL self-funded computing infrastructure and recurrent travel costs to collaborate on the research in Melbourne, Australia and Los Angeles, USA. PMT is supported by NIH grants EB008281, EB008432, EB007813, HD050735, AG036535 and AG020098.
